A one-dimensional tangent slab radiative transport solver is developed to model radiation in nonequilibrium hypersonic flows. The solver is line-by-line accurate and (by making use of attached spectral databases) efficient, allowing for direct coupling to hypersonic computational fluid dynamics codes. Modifications to the spectral databases include a hybrid line-by-line-gray solver and a molecular cross-section method based on the assumption of a single representative temperature. These modifications decrease computational costs to allow for tight flow coupling hypersonic computational fluid dynamics solvers, but they maintain line-by-line accuracy. The radiation code is verified by comparison with nonequilibrium air radiation, an established radiation solver. The solver is then integrated into the continuum computational fluid dynamics solver data-parallel line relaxation, and coupled simulations are performed for the flowfields of the Stardust sample return capsule and the Orion crew exploration vehicle. 
Q2
A one-dimensional tangent slab radiative transport solver is developed to model radiation in nonequilibrium hypersonic flows. The solver is line-by-line accurate and (by making use of attached spectral databases) efficient, allowing for direct coupling to hypersonic computational fluid dynamics codes. Modifications to the spectral databases include a hybrid line-by-line-gray solver and a molecular cross-section method based on the assumption of a single representative temperature. These modifications decrease computational costs to allow for tight flow coupling hypersonic computational fluid dynamics solvers, but they maintain line-by-line accuracy. The radiation code is verified by comparison with nonequilibrium air radiation, an established radiation solver. The solver is then integrated into the continuum computational fluid dynamics solver data-parallel line relaxation, and coupled simulations are performed for the flowfields of the Stardust sample return capsule and the Orion crew exploration vehicle. atmospheric entry of both manned and unmanned vehicles, or missions that use aerobraking to manipulate vehicle trajectories, can lead to high levels of radiative heating. High temperatures develop in the shock layer, leading to chemical and thermal nonequilibrium conditions and ionized flow. Several hypersonic radiation codes have been developed for the analysis of such hypersonic nonequilibrium flow. The nonequilibrium air radiation (NEQAIR) [1] code was originally developed to study radiative properties in nonequilibrium air conditions, and it has since been improved upon with the release of NEQAIR96 [2] . NEQAIR96 includes emission and absorption from the N, O, C, H, He, N 2 , N 2 , NO, CO, CN, O 2 , C 2 , OH, and H 2 atomic and molecular systems. Making use of the quasi-steady-state (QSS) assumption, NEQAIR models bound-bound excitation and deexcitation, free-bound recombination continua, and free-free bremsstrahlung continua. The code uses line-by-line (LBL) spectral variations of emission and absorption, making use of an approximate Voigt profile. In addition to spectral modeling, NEQAIR includes a simple radiative transport equation (RTE) solver, directly integrating rays along a line of sight (LOS). A tangent slab approximation is then employed to numerically integrate each LOS over solid angles. If the radiative transport in a flowfield is strong enough, the population of electronic states can be affected, requiring the use of a coupled solution. Because of the use of the LBL method, coupled solutions with NEQAIR would be prohibitively expensive.
Nomenclature
The Langley optimized radiative nonequilibrium (LORAN) [3] code was developed to reduce the computational cost of NEQAIR by using a smeared band approach in place of the LBL method, using the same method for solution of the RTE. Loose radiation-flow coupling has been performed in the preflight analysis of Stardust [4] and FIREII [5] using the LORAN code, and radiation flowfield coupling was found to be relatively small for Earth reentry conditions. The Stardust mission, which returned to Earth in January 2006, entering the atmosphere at 12:8 km=s, has been the subject of postflight analysis [6] to assess the validity of tools used to design the vehicle. Liu et al. [6] made use of data-parallel line relaxation (DPLR) [7] , a chemical and thermal nonequilibrium finite volume flow solver, and NEQAIR96 in an uncoupled fashion. Results were then compared with spectral measurements made during the reentry, finding good agreement for spectral fluxes over individual atomic N lines and poor agreement for atomic O lines. Other radiative solvers have also been developed [8, 9] , specifically in conjunction with the Huygens probe. In the case of the Huygens probe, the one-dimensional (1-D) approximation was observed to lead to errors as high as 25% [9] . Radiation flowfield coupling was also observed to be quite large, with radiation lowering the heating rate by a factor of two [10] , requiring the use of closely coupled radiation-flowfield solutions.
For the design of future vehicles, like those required for possible manned Mars missions, the development of a spectrally accurate, general, and efficient RTE solver is desirable, which can be easily coupled to current hypersonic computational fluid dynamics (CFD) codes. Recently, high-temperature aerothermodynamic radiation (HARA) was developed to treat shock-layer radiation. The details of this code for air species were presented by Johnston et al. [11, 12] . HARA is based on a set of atomic levels and lines obtained from the National Institute of Standards and Technology online database [13] and the Opacity Project [14] , as well as atomic bound-free cross sections from TOPbase [15] . The negative nitrogen and oxygen ions are treated using cross sections suggested by Soon and Kunc [16] and Chauveau et al. [17] , which are not included in the NEQAIR system. The molecular band systems are treated using a smeared rotational band (SRB) model, modified to more accurately calculate absorption in optically thick regions. HARA has been coupled to the newest release of LAURA, and it has been used to model the effects of coupled flow-radiation ablation in Earth's atmosphere [18] . Johnston et al. [11] demonstrated the modified SRB to be sufficient for treating vacuum-ultraviolet (VUV) absorbing and optically thin emitting band systems in air. However, for Earth reentry, many molecular bands are optically thin making, the SRB approach more computationally intensive than necessary. Bansal et al. [19] showed that the molecular radiation problem can be solved quite accurately by making the gray approximation outside of the VUV regions in Earth entry flows.
In this study, a 1-D tangent slab RTE solver is developed, using exact analytical solutions based on exponential integrals [20] rather than using numerical integration over a solid angle. The solver is developed as one of a suite of solvers for hypersonic entry flows. The RTE solver is LBL accurate, making use of a recently developed efficient spectral database [21, 22] . The RTE solver is validated by comparison with uncoupled solutions using NEQAIR96 as a baseline. The solver is then incorporated directly into DPLR, and the coupled results are compared with uncoupled results to quantify the effect of radiation-flow coupling.
II. Flowfield Modeling
The RTE solver presented here is designed for direct coupling within any two-dimensional (2-D) or three-dimensional axisymmetric flow solver, and DPLR is used in this application. DPLR [7] is a parallel multiblock CFD code, using a structured mesh in a bodynormal coordinate system. The RTE solver uses the same mesh, with cell node coordinates taken from the CFD computational mesh, as are species number densities N s and cell translational, rotational, and vibrational temperatures, T t ; T r ; T v . DPLR does not model an independent electron energy, so the electron energy is bookkept with the translational energy. The spectral radiative properties require an electron temperature to predict the electronic state populations for atomic species. For this purpose, it is assumed that the electron temperature is identical to the vibrational temperature, because the electron temperature is expected to rapidly reach equilibrium with the vibrational mode due to resonance with N 2 . Recent direct simulation Monte Carlo (method) Q5 calculations have confirmed that the electron temperature is close to the vibrational temperature [23] . The radiative source term, r q r , as calculated by the RTE solver, is returned to the right-hand side of the overall energy conservation equation. No underrelaxation is used here, although for simulations with a high degree of radiative coupling, underrelaxation may be required to achieve convergence. The radiative flux is not included in the radiative equilibrium wall temperature. As a result, simulations will underpredict the wall temperature and overpredict convective wall heat flux for coupled calculations.
One advantage of using the tangent slab approximation in conjunction with DPLR is in parallel processing. If, for the purposes of parallel processing, the computational domain is divided in the body-tangential direction, as shown in Fig. 1 , then all of the information required for the RTE solver is local to each processor, making the tangent slab approximation easily parallelizable. While the tangent slab model is easily parallelizable, the radiative transport solution is assumed to be 1-D. This approximation is accurate in the stagnation region of the flow, but it can lead to errors where curvature exists, namely, along the shoulder region or afterbody. The 1-D approximation can also lead to convergence problems, as the radiative transfer solution is only connected in the body-normal direction.
The frequency of calculation of radiation within DPLR is also user adjustable. To test the effect of radiation-flowfield coupling the Stardust Sample Return Capsule is first modeled. The Stardust spacecraft was launched in February 1999 as part of a mission to collect comet dust from Wild 2, as well as samples of interstellar dust. Stardust was the first attempt at a sample return beyond the Earthmoon system, and it is the fastest man-made vehicle to have entered Earth's atmosphere. Stardust entered with a predicted high degree of ionization, and chemical and thermal nonequilibrium. Loosely coupled CFD, radiation, and system response codes were used as a design tool for the Stardust vehicle [4] . Stardust did not have onboard sensors; however, spectral measurements were taken by a team of researchers from NASA's DC-8 airborne observatory [24] . Liu et al. compared observed results with an uncoupled combination of DPLR and NEQAIR to evaluate the performance of CFD and radiation models [6, 25] . The upcoming Orion crew exploration vehicle (CEV) also represents significant challenges, as the vehicle is designed to be larger than Q6
Apollo [26] . The TPS is being designed with the assumption that flow surrounding the vehicle will be turbulent. The large vehicle radius implies radiation will play a significant role in the total heat load on the vehicle. Accurate modeling of radiation and radiation-flow coupling will be important to correctly predict the aerothermal loads on the vehicle [18, 27] .
A. Stardust
Solutions for the Stardust sample return capsule are modeled assuming a ballistic trajectory, allowing for 2-D axisymmetric analysis. The freestream initial values are taken to be at peak heating, shown in Table 1 . The spacecraft boundary is modeled as fully catalytic, assuming atoms recombine to form molecules. The fully catalytic boundary condition is often used in such applications, as it represents a conservative estimate of convective heat flux. The effect of the fully catalytic boundary on the radiative flux will increase boundary-layer absorption due to molecular species, so it may not represent a conservative estimate of the radiative heat flux. The surface temperature is evaluated through the so-called radiative equilibrium assumption, where the temperature is determined assuming that the convective heat transfer at the surface is balanced by the blackbody radiation of the wall, with emittance set to 0.85. The outflow boundary is modeled using first-order extrapolation. The Park et al. model [28] is employed as the gas chemistry model. This is an 11-species 21-reaction finite-rate air model consisting of
, and e . This chemistry model does not contain any model for electronic state excitations. The flow is modeled using a two-temperature model, with a total temperature and an independent vibrational temperature. Electronic energy is neglected, and the free electron temperature is assumed to be identical to the translational temperature. Inviscid fluxes are computed using a modified Steger-Warming flux splitting [29] . Spatial accuracy of third order is obtained through MUSCL extrapolation coupled with a minmod flux limiter. Viscous fluxes are computed with a second-order central difference scheme. Transport properties are based on Yos's mixing rules [30] . Diffusion coefficients are modeled using the bifurcation model [31] . The DPLR method is employed for implicit time advancement to a steady-state solution. For Stardust, flow is assumed to be laminar.
The uncoupled solution was computed on an axisymmetric grid with 150 body-normal 50 (tangential) cells. An initial solution is computed on a equally spaced grid, with extra freestream cells. Grid adaptation is then performed, where cells are clustered close to the vehicle surface, and the number of freestream cells is decreased. The final grid is shown in Fig. 2 , and a contour plot of the total number density is given in Fig. 3 . A grid sensitivity study was also performed, to ensure that the shock layer is resolved well enough to capture the temperature and concentration gradients. A comparison of the stagnation line temperatures and atomic nitrogen mass fractions for grids with 150, 200, and 250 cells in the body-normal direction is plotted in Fig. 4 . At the stagnation point, there are 18 cells that have the freestream temperature to ensure the shock structure is not affected by the grid domain.
B. Orion Q7 Crew Exploration Vehicle
Solutions for the Orion CEV are also modeled assuming a 2-D axisymmetric flow. The freestream parameters are taken to be at the peak heating condition, shown in Table 2 . The boundary conditions are the same as that used in the Stardust calculations. The Park model [32] is employed as the gas chemistry model, employing the same 11 species as in the previous case. The two-temperature nonequilibrium energy model used in the Stardust calculation is also used in the CEV calculation. The flow around the CEV is assumed to be turbulent for design purposes [26] ; therefore, turbulence is modeled using the twoequation Menter shear stress transport Q8 model with compressibility correction [33] .
The uncoupled solution was computed on a 148 body-normal 296 (tangential) cell axisymmetric grid to model the flow surrounding the vehicle. An initial solution is computed on an equally spaced grid, with extra freestream cells. Grid adaptation is then performed, where cells are clustered close to the vehicle surface, and the number of freestream cells is decreased. The final grid is shown in Fig. 5 , and the temperature contours near the stagnation line are shown in Fig. 6 for both the 148 body-normal 296 (tangential) grid used, as well as for a finer grid with 296 body-normal 592 (tangential) cells.
III. Spectral Modeling A. Variable Step Size Line-by-Line Spectral Modeling
To accurately calculate the radiation field, nonequilibrium radiation must be considered, and emission and absorption coefficient spectra are modeled using a LBL approach. The tangent slab model solves the RTE for the divergence of the radiative flux at each wavelength in the spectrum, r q r; . The source term r q r; is then integrated in wavelength space using the trapezoidal rule to produce a total source term, which is returned to the flow solver. The spectral dependencies are calculated using attached databases described in detail in Sohn et al. [21, 22, 34] . The database calculates excited energy states for atomic and diatomic species using the QSS assumption [32] , as well as stored line information. To save memory, integration over wavelengths is performed over a series of spectral intervals consisting of approximately 200 wavelength steps. For the diatomic species, rotational and vibrational bound-bound transitions are considered in combination with the most important electronic transitions. The calculation of a diatomic spectrum for each electronic band of each species involves four steps: calculation of the partition function, calculation of electronic state populations using the QSS approximation, calculation of the line strengths, and application of line shape. The line shape for diatomic species is assumed to be the Doppler profile, as Stark broadening coefficients are low, and the effect of collision broadening at low densities is negligible. The partition function and electronic state population for each electronic transition of a species are functions of number density and rotational and vibrational temperature only (N s , T r , and T v ), and thus can be calculated and stored at each cell. The spectral variations for each spectral interval can then be calculated by determining the diatomic line strength and by applying the line shape to all species considered.
For atomic species, bound-bound, bound-free, and free-free radiation are considered. Atomic bound-bound radiation is similar to molecular bound-bound, but there are very few lines (176 for N, and 86 for O) due to the absence of vibrational and rotational transitions, and the dependencies are on n e and T e and the ratio of ion number density to neutral number density n =n a . The bound-free and freefree continua also require the electronic state populations. To minimize the computational time required to generate the spectra for each spectral interval, the diatomic partition function, and electronic state populations are calculated and stored for each cell, as is the atomic line strength. In all cases considered in this work, the approximate Voigt profile of Arnold et al. [35] is assumed for the atomic line shape, because the effect of Stark broadening is significant in regions of high electron populations. To maximize efficiency of the line shape calculations, the Voigt line shape can be stored as a 2-D array:
where is the line shape function, w L is the Lorentzian line width, w V is the Voigt line width, is the wavelength of evaluation, and c is the line center wavelength. For the current work, is stored in a 101 10; 001 array, with w L =w V ranging from 0 to 1 and c =w V ranging from 0 to 100; double linear interpolation is performed to find . Figures 7 and 8 show the emission and absorption coefficient variations across the spectrum for a representative condition (Table 3) at the center of the Stardust shock layer along the stagnation line, as obtained from the database of Sohn et al. [21, 34] .
The contributions of bound-bound and continuum spectra can be discerned for each radiating species considered in the flow (O,
A variable wavelength step can be chosen: one wavelength-step size that resolves the atomic lines accurately, and one that takes relatively large steps for the continuum and molecular contributions. The spectrum is divided into part-spectrum intervals with constant wavelength steps. These constant wavelength steps allow for rapid calculation of the molecular line shape. As atomic lines contribute most to the total emission, the atomic lines are used to subdivide the spectrum, and the part-spectrum intervals are chosen to resolve each line to 60 points over 30 Doppler half-widths. The rest of the spectrum is divided into part-spectrum intervals at a user-specified wavelength step. Doppler half-widths are chosen for atomic lines due to the fact that some atomic lines have Stark broadening coefficients that cause line broadening to extend to the order of 100 Å, overlapping many lines. For these highly broadened lines, the strongest variation is still near the line center, and the line wings vary slowly, similar to the continuum regions. Resolving lines out to 30 Doppler half-widths may still be wasteful for some lines, and further improvement could possibly be made to optimize the selection of part-spectrum intervals.
B. Hybrid Line-by-Line-Gray Model
While the LBL approach is accurate for most of the spectrum shown in Figs. 7 and 8 , resolving the optically thin regions to LBL accuracy can be wasteful. The calculation of molecular line structure takes a large amount of time, because a line strength for each line must be calculated, and the line shape must be applied over all relevant wavelengths, while molecular band systems can contain over a million individual lines. To improve efficiency further, a hybrid LBL-gray approach can be used. In this approximate method, the optical thickness of each cell ( z) is calculated at the outset of each narrow band calculation. For atomic species, this consists of directly calculating the line shape and continuum contribution and finding the maximum for the narrow band. For molecular species, the calculation of line strengths and application of line shape can be expensive. Therefore, a table was created to store the maximum absorption cross section as a four-dimensional function:
where is a 500 Å wavelength interval, between 500 and 20,000 Å; T is the equilibrium temperature; N a is the number of atoms; N m is the number of molecules; and N e is the number of free electrons. In this case, max is used to give an approximate value of the expected maximum optical thickness of a cell. If the optical thickness of each cell in a column is less than 0.0005 for a given wavelength interval, then average emission and absorption coefficients can be found and, using such a system, LBL accuracy will be preserved, because the gray approximation is only implemented when it is accurate. Average emission and absorption coefficients for molecular species can be found by summing the line strengths in a spectral range, avoiding the calculations of line shape. Potential time savings depend on the problem; if much of the absorption across the spectrum is optically intermediate or thick, then savings will be minimal. Table 3 ). Fig. 8 Absorption coefficients of radiating species at a sample condition along Stardust stagnation line (listed in Table 3 ). 
C. Single-Temperature Cross-Section Model
The calculation of molecular properties is computationally expensive, as discussed in Sec. III.B. In many cases in continuum, and near continuum flow, the temperatures in the boundary layer will be relaxed; that is, all energy modes can be described by a single temperature. This is particularly useful in Earth entry situations, because contributions from molecular radiation are often limited to the boundary layer nearest to the vehicle.
Simplifying the molecular band spectral calculations involves separating the temperature dependencies of each individual line strength and shape from the band's electronic state populations. The emission coefficient for a particular band can be found from [34] 
where i is the line index, " c i is a constant for line i, and i is the line shape for line i. If i is taken to be the Doppler profile, then i is a function of wavelength and translational temperature only. N U is the upper state population, which is different for each line in the band
where N e U is the electronic upper state population, which can be determined via the QSS approximation and is a constant for the entire band; Q VR U is the upper state total partition function; J U is the rotational quantum number; V U is the vibrational quantum number; F is the state rotational term energy; and G is the state vibrational term energy. If T t T v T r T e T, then the upper state population can be written as
where
is a function of a single temperature only. A temperature and wavelength-dependent band emission cross section can then be written as
and the emission coefficient for each band follows as " "
where "
T is a function of a single temperature and wavelength, and N e U is precalculated from the QSS approximation and constant over the entire band.
In the same way, the absorption coefficient can be written as
Again, if one assumes the temperatures to be equal, then the lowerupper state population ratio can be expressed as
The absorption coefficient can then be found from X 
The band emission and absorption cross sections "
2 can be precalculated and stored in tables in terms of temperature and wavelength. Obtaining spectral coefficients at run time is then reduced to three table interpolations, three multiplications, and one subtraction as the electronic state populations N e U are calculated once and for all at the beginning of each LOS calculation.
As discussed previously, a strict LBL approach to resolving the spectral dependencies of the RTE is computationally wasteful. Likewise, in some flows, the molecular absorption is optically thin in all of the considered bands, with the exception of the bands of N 2 , which emit very little but absorb considerably in the VUV regions. A precalculated variable step size is used in this application, with fine resolution of 60 points centered around each atomic bound-bound line center, out to 30 Doppler half-widths based on a temperature of 12,000 K and a coarser resolution of 1.0 Å for the continuummolecular regime. The values for " 
IV. Radiative Transport Equation Solution:
Tangent Slab Approximation
The tangent slab approximation divides the 2-D grid into a series of columns, which begin at the spacecraft and extend toward the freestream. The radiative source term is then solved by assuming that each column can be approximated by a series of 1-D infinite parallel plates. The divergence of radiative heat flux can be determined using the relationship r q r z dqz=dz. The evaluation of heat flux in a medium between two infinite parallel plates is given by Modest [20] as a function of exponential integrals in optical thickness. The upper boundary (freestream) can be modeled as cold and black. If scattering is neglected, the flux can be written as
where J 0 is the radiosity at the wall, is the medium's absorption coefficient, and
is the optical thickness. In thermodynamic equilibrium conditions without scattering, the source function is defined as S I b , i.e., the blackbody intensity or Planck function. However, the ratio of emission to absorption is not fixed in nonequilibrium conditions, so the local emission and absorption coefficients must be calculated independently as a function of cell conditions, leading to S " = . The medium is divided into n cells, with n 1 cell boundaries, as shown in Fig. 9 . The radiative flux at interface i then becomes
If emission and absorption across a cell are constant, as commonly assumed in CFD models, the source function S j of the cell is a constant, and the integrals can be evaluated analytically. Thus, for the flux at i,
where i is defined as
where l is the absorption coefficient of cell l, and z l is its thickness. The radiosity at the wall J 0 is determined using the relation [20] q 0 1 E b0 J 0 (20) where is the gray emittance of the wall. Thus, J 0 can then be expressed in terms of q 0 . Combining Eqs. (19) and (20) evaluated at 0 leads to
where n is the number of cells. The solution of Eqs. (19) and (21) can be found with n 2 =2 evaluations of E 3 x. Exponential integrals E n are often found through recursive relationships; that is, E 1 is found from a correlation, E 2 is found from E 1 , and so on, which is computationally wasteful. Here, E 3 x is calculated once and stored in tabular form and interpolated as needed. The table is stored in increments of x 0:005, from x 0 to x 25. E 3 25 is ' 5 10 13 , and using linear interpolation, the maximum relative error is less than 2 10 5 . The time to evaluate E 3 from tabular form is about half that to calculate from recursive relationships.
V. Results
Numerical simulations were performed for four cases, using Stardust reentry at peak heating and CEV at peak heating as representative cases. First an uncoupled simulation was performed using the tangent slab model of the current work, in order to compare the database and RTE solver with NEQAIR, which is an established and validated code. In addition, fully coupled simulations were also carried out to quantify the effects of radiation-flowfield coupling.
A. Uncoupled Results: Stardust
The divergence of the radiative flux was calculated using both the tangent slab solver developed here and the one embedded in NEQAIR. The number density profiles for radiating species along the stagnation streamline are shown in Figs. 10 and 11 for atoms and molecules, respectively. The accuracy and time required for the transport solution depends on two factors: the number and location of the spectral evaluations, and the solution method of the RTE. NEQAIR is restricted to constant wavelength steps to resolve the spectrum, so a step size of 0.005 Å was selected to ensure accurate resolution of individual lines. NEQAIR also uses numerical quadrature to evaluate the tangent slab solution, with an angular step of 9 recommended (10 quadrature points). For this study 10, 100, and 1000 points were used, as high resolution was required to ensure grid independence, shown in Table 4 , and the solution with 1000 angular integration points was chosen as a baseline solution. The time required to calculate spectral properties for NEQAIR is independent of the RTE solution method (30,500 s) and consumes most of the computational time for the recommended 10 quadrature points. As the angular resolution is increased, the RTE solution time increases in a linear fashion.
The methods developed in this work were then compared with the baseline NEQAIR solution. A constant wavelength step is used to compare with the NEQAIR solution, as are the variable step method, the hybrid LBL-gray method with a variable wavelength step, and the single-temperature model described previously. Figure 12 shows the solution to r q r calculated with five different methods: NEQAIR using only atomic species and ions, NEQAIR using all included molecular bands, LBL, LBL hybrid, and single-temperature methods developed here. The variable step and variable step hybrid models overlay the LBL model, and they are not included in the figure. Figure 13 shows a zoom-in of the boundary layer, where the largest discrepancies occur. The total emission E is a cell property; thus, the total emissions predicted by all models overlay one another, including the calculation for atoms only, since almost all emissions are due to atomic species. However, the radiative source term r q r , which is the difference between total absorption and emission, is greatly affected by molecular absorption in the region very close to the vehicle (less than 1 mm), where the catalytic boundary condition results in high gradients in atomic and molecular species concentrations. The LBL method employing the same 0.005 Å resolution as NEQAIR takes about 1/10th the time of NEQAIR for property evaluations, but it returns the exact solution. The difference between NEQAIR and the LBL method developed here (0.5%) is mostly due to NEQAIR using approximate line widths for molecular species. The constant wavelength-step hybrid LBLgray method also returns the exact solution, at about 1/20th the computational time to calculate radiation properties of NEQAIR. Using a variable step size (0.05 Å), the error increases slightly (0.25 %); however, the time to calculate properties decreases by a factor of about 60 and 140 for the variable-LBL and variable-hybrid methods, respectively. In all cases, the solution time of the RTE is linearly dependent upon the total number of RTE evaluations used.
The solution based on the single-temperature cross-section method shows significant errors in the boundary layer, shown in Fig. 13 , although the property calculation time is much lower (savings of a factor of greater than 500 over a comparable NEQAIR calculation). The fact that the single-temperature model returns some error inside the boundary layer does not come as a surprise, as the predicted temperatures are different from one another, as seen in Fig. 14. In the single-temperature model, the vibrational-electron temperature is used to calculate the absorption cross sections, to ensure the electronic state populations are predicted correctly. This can lead to errors in the predicted line strength, if the rotational temperature is ordinarily assumed to be equal to the translational temperature. The predicted line broadening will also be incorrect, as the assumed single temperature is lower than the temperature used in the standard LBL calculation. These errors in predicted line strengths and line broadening lead to errors in calculated absorption coefficients, and therefore absorption in the optically thick VUV regions.
B. Coupled Results: Stardust
Radiation calculated using the variable-hybrid method was then coupled to the flowfield using the fully converged uncoupled solution as a starting point. The Courant-Friedrichs-Lewy Q9 number (time step) was ramped from Q10 0.001 to 100 over 500 iterations, it was maintained at 100 for the remaining 1000 iterations, and it was reset each time radiation was called. The spectral range of 700-14,000 Å was used for the final three radiation calculations. For these calculations, the variable spectral radiation accounts for about 96% of the computational time.
Radiation has the effect of redistributing energy in the flow and, in the case of a hypersonic shock layer, much of the emitted energy is radiated into space, reducing the energy within the boundary layer. If the sign of r q r is negative, radiation produces a net gain to the total energy balance (local absorption exceeds emission) and, if r q r is positive, there is a net loss. Figure 12 shows that the radiative heat source is positive ahead of the shock and in the boundary layer (adding energy to the flow), and it is negative throughout the shock layer (removing energy from the flow). As can be seen in Fig. 14 , the effect of radiation on the flowfield is to reduce the peak translational temperature from 23,100 to 22,700 K, as well as to reduce the shock standoff distance by a very small margin.
The effect of radiation coupling on wall heat transfer is also relatively small. The radiative cooling parameter, or Goulard number [36] gives an approximate indication of the amount of radiation flow coupling, Q11 where
is a ratio of the approximate radiative flux leaving the domain (which is assumed to be twice the radiative energy flux hitting the vehicle surface, to take into account energy exiting to space) to the kinetic energy flux entering the shock layer. When becomes large, the effect on flowfield chemistry and fluid dynamics is significant, and radiation coupling must be accounted for in order to estimate heat transfer and aerodynamic moments properly. In the case of stardust reentry, 0:01, and the effect of radiation flow coupling is expected to be nearly negligible. The convective wall heat flux is reduced by about 1.5%, shown in Fig. 15 , while the radiative wall flux is reduced by about 6.4% at the stagnation line. Figure 15 also shows the peak radiative flux occurs at the stagnation line of the vehicle. Coupling reduces the energy in the flow, and it reduces the total heat load on the vehicle by about 1.5%, which is a very small effect. The Stardust vehicle has a small nose radius (' 0:2 m), and the shock is close to the body (about 1 cm); therefore, convective heating dominates. Because the effect of coupling is so small, the single-temperature method can be used for initial convergence to save time, and LBL methods can be used as a final step to accurately calculate vehicle radiative flux.
C. Uncoupled Results: Crew Exploration Vehicle
The radiative source terms were then calculated for the CEV using both the constant step LBL and one-temperature cross-section methods developed here. The number density profiles of radiating species are shown in Figs. 16 and 17. As can be seen in Figs. 18 and 19, the one-temperature model reproduces the LBL solution throughout the boundary region. The boundary layer in this case is defined by a single temperature, as can be seen in Fig. 20 . Errors in the predicted absorption by molecular species will be due only to the selection of wavelengths and the validity of the averaged modeling approach in the regions outside the influence of the bound-bound atomic lines. For CEV, this approach is accurate.
D. Coupled Results: Crew Exploration Vehicle
Radiation was then coupled to the CFD calculations, using the fully converged uncoupled solution as a starting point. The singletemperature cross-section model was used in this case. Radiation was updated every 2000 iterations. Figure 21 shows the convergence history, where convergence is reached in approximately 16,000 CFD iterations (nine radiation updates). For this case, the calculation of radiation accounts for roughly half of the computational time. Figure 18 shows that r q r is negative ahead of the shock and, while there is some reabsorption in the boundary layer, r q r is positive throughout the shock layer. As can be seen in Fig. 20 , radiation has little effect on the peak temperature in the overshoot region. However, temperatures in the shock layer outside of the boundary layer are decreased.
The effect of radiation coupling on wall heat transfer is expected to be somewhat larger in the case of CEV, since 0:02. The maximum convective wall flux is at the vehicle shoulder, and it is 4:391 10 6 and 4:191 10 6 W=m 2 for the uncoupled and coupled calculations, respectively, shown in coupled and uncoupled calculations. The maximum radiative wall flux is at the stagnation point, and it is 2:628 10 6 and 2:125 10 6 W=m 2 for the uncoupled and coupled calculations, respectively, also shown in Fig. 22 . The effect of coupling lowers predicted convective wall heat flux by about 4-5% and radiative flux by about 19%. This implies that the reduction in temperature at the edge of the boundary layer due to radiative cooling more than offsets boundarylayer heating due to radiative absorption close to the surface. This can be seen in Figs. 18 and 19 , where r q r is positive in the shock layer and negative in the boundary layer, but the magnitude of absorption in the boundary layer is relatively small. The total flux at the stagnation point is predicted to be 4:997 10 6 and 4:4145 10 6 W=m 2 for the uncoupled and coupled calculations, respectively, representing an almost 12% change in predicted total heat flux at the stagnation point. This analysis was performed for axisymmetric flow, while for CEV, an angle of attack is planned for reentry.
VI. Conclusions
A 1-D RTE solver has been developed, specifically to be integrated and tightly coupled with finite volume hypersonic CFD flow solvers such as DPLR. The RTE solver is LBL accurate and, by making use of efficient databases to obtain spectral properties, efficient enough to allow tight coupling. The development of a molecular radiation model based on databasing of emission and absorption cross sections is also presented. This model makes coupling of radiation more tractable, but the flow in the boundary layer must be described by a single temperature. Flowfields with coupled radiation have been calculated for the Stardust vehicle reentry, showing the effect of coupling to be relatively small. For axisymmetric modeling of the CEV, however, the predicted wall flux at the stagnation point is decreased by 12% due to coupling.
